Using a model as a management tool requires testing of the model against fieldmeasured data prior to its application for solving natural resource problems. This study was designed to calibrate and evaluate the subsurface drainage component of the Soil Water Assessment Tool (SWAT) model for three management systems at a research site near Nashua, Iowa: continuous corn-chisel plow, corn-soybean-no-till, and soybeancorn-no-till. Each system was analyzed for two different research plots that varied in soil type and slope gradient. Calibration was performed with 1995 measured tile drain flows while validation was carried out using measured tile drain flows for 1993-94 and 1996- 
Introduction
Artificial subsurface drainage is required to maintain the productivity of poorly drained soils and is provided for over 30 percent of the soils in the midwestern United States (Hatfield, Jaynes, and Prueger 1998; Randall 1998) . Agrochemicals and other fertilizer sources such as manure are used extensively in the region to increase crop production, but these inputs are also significant nonpoint sources of groundwater and surface water pollution. The subsurface tile drains are key pollution pathways to surface water, especially for nitrate-nitrogen (NO 3 -N), as reported by Kanwar et al. (1999) , Jaynes and Miller (1999) , and Cambardella et al. (1999) . The subsurface flow response of a given soil system can be influenced by soil type, agricultural management practices, rainfall patterns, and topography. Tillage practices directly affect the soil water properties of the surface soil and in turn the soil leaching characteristics (Kanwar, Baker, and Baker 1988) . Tillage practices also can influence the distribution and continuity of macrospores that can act as preferential pathways for rapid movement of water and chemicals to the groundwater (Singh, Kanwar, and Thompson 1991) . Therefore, it is necessary to understand all the factors that affect chemical transport and fate.
Best management practices (BMPs) are technically feasible methods for preventing nonpoint source pollution or reducing it to a level compatible with water quality goals (Novotny and Olem 1994) . The evaluation and assessment of the impact of BMPs can be accomplished in two ways: (a) by collecting field data over an extended time period, or (b) by using computer simulation models developed from current scientific knowledge.
Long-term monitoring of the impact of BMPs is essential to assess their effectiveness under different conditions. However, it is impractical to monitor all BMPs under all conditions because of time and cost constraints. Computer simulation models provide an alternative for evaluating the response of soil and crops for a range of management practices in an efficient and cost-effective way (Bakhsh, Kanwar, and Ahuja 1999; Zacharias and Heatwole 1994) . Nevertheless, testing and evaluation of computer models require the use of extensive field data to ensure that the models are reliable for the prediction of management effects.
Numerous models have been developed that vary in complexity for simulating flow, and in some cases agricultural chemical movement, through soil. Some of these models are specifically designed to simulate tile drain processes. Kirkham (1985) developed an analytical solution for steady-state flow to parallel tile drains in a homogeneous soil with an impermeable layer underneath it. Dutt, Shaffer, and Moore (1972) and Duffy et al. (1975) developed mathematical models of biophysio-chemical processes that could be applied to tile-drained agriculture areas. Scotter et al. (1990) developed a simple numerical model for transient soil water flow to a tile drain for assumed or measured values of rainfall, evaporation, deep percolation, drain spacing, and depth. The DRAINMOD model (Skaggs 1982 ) was developed to support design and evaluation of different drainage systems, including tile drains. The DRAINMOD-N model (Brevé et al. 1997 ) is an adaptation of DRAINMOD that also simulates NO 3 -N movement through tiles.
Other models have been developed that focus on surface runoff and leaching of water and agricultural chemicals rather than on tile flow processes. The Chemical, Runoff, and Erosion From Agricultural Management Systems (CREAMS) model (Knisel 1981 ) was designed to simulate the long-term impact of land management on water leaving the edge of a field. Several other models that are based on CREAMS include the Ground Water Loading Effects on Agricultural Management Systems (GLEAMS) model (Leonard, Knisel, and Still 1987) , the Simulator for Water Resources in Rural Basins (SWRRB) model (Williams, Nicks, and Arnold 1985; Arnold et al. 1990 ), the ErosionProductivity Impact Calculator (EPIC) model (Williams et al. 1990) , and the Agricultural Non-point Source (AGNPS) model (Young et al. 1989 ).
The Soil and Water Assessment Tool (SWAT) model Srinivasan et al. 1998 ) is a relatively new model that was developed to predict the effects of different management scenarios on water quality, pollutant loadings, and sediment yields by accounting for variation in soil, climate, and land use across a watershed or river basin.
Previous applications of SWAT have compared favorably with measured data for a variety of watershed scales (Srinivasan and Arnold 1994; Rosenthal, Srinivasan, and Arnold 1995; Arnold and Allen 1996; Srinivasan et al. 1998; Arnold et al. 1999; Saleh et al. 2000) . SWAT was selected for this study because of its flexibility in handling a wide range of management scenarios and environmental conditions, including tile-drained cropland. It was also chosen because of its ability to simulate large watersheds, which is a goal of future modeling research. The immediate goal of this study was to calibrate and evaluate the subsurface drainage component of SWAT by using tile flow data collected 1993-97 at a research site located in northeast Iowa near Nashua. The specific objectives of this research were to 1. calibrate the tile flow component of SWAT by using measured tile flow data from 1995 for different management systems; and 2. evaluate the performance of SWAT for the same systems for 1993-94 and 1996-97 by comparing the predicted tile flows with corresponding field-measured values.
Model Description
The SWAT model was developed by modifying its predecessor, the SWRRB model, and is designed to assist water resource managers in assessing the impact of management on water supplies and non-point source pollution. Key modifications include the addition of lateral subsurface flow and groundwater flow components. Following is a brief description of the SWAT model components. For a complete description, see Arnold et al. 1998 . SWAT consists of three major components: sub-basin, reservoir routing, and channel routing. The sub-basin component consists of eight main subcomponents defined as hydrology, weather, sedimentation, soil temperature, crop growth, nutrients, agricultural management, and pesticides. The hydrology subcomponent is comprised of surface runoff, percolation, lateral subsurface flow, groundwater flow, snow melt, evapotranspiration (ET), transmission losses, and ponds. Surface runoff is predicted for daily rainfall by using the USDA Soil Conservation Service (now the Natural Resource Conservation Service) curve number equation (Mockus 1969) . The curve number varies non-linearly from condition 1 (dry) at wilting point to condition 3 (wet) at field capacity, and approaches 100 at saturation. Percolation is also affected by the soil temperature. No percolation is allowed from a layer if the temperature of that layer is 0° C or below. If snow is present, it is melted on days when the maximum temperature exceeds 0° C. Melted snow is treated the same as rainfall for estimating runoff and percolation. Three options are offered in SWAT for estimating potential ET: Hargreaves (Hargreaves and Samani 1985) , Priestley-Taylor (Priestley and Taylor 1972) , and Penman-Monteith (Monteith 1965) . The PenmanMonteith method was used in this study, which requires solar radiation, air temperature, wind speed, and relative humidity as inputs. Daily values of wind speed, relative humidity, and solar radiation were generated internally in SWAT from monthly weather statistics compiled for Osage, Iowa, the station nearest to the research site. The model computes evaporation from soils and plants separately. Potential soil water evaporation is estimated as a function of potential ET and leaf area index (area of plant leaves relative to the soil surface area). Actual soil evaporation is estimated by using exponential functions of soil depth and water content. Plant evaporation is simulated as a linear function of potential ET, leaf area index, and root depth and can be limited by soil water content. We make the assumption that 30 percent of the total plant water uptake comes from the upper 10 percent of the root zone and that the roots can compensate for water deficit in some layers by using more water in layers with adequate supplies.
Subsurface Tile Flow
Water in the soil can flow under saturated or unsaturated conditions. In saturated soils, flow is driven by gravity and usually occurs in a downward direction. Unsaturated flow is caused by gradients arising because of adjacent areas of high and low water content. Unsaturated flow may occur in any direction. SWAT directly simulates saturated flow only. The model records the water contents of the different soil layers but assumes that the water is uniformly distributed within a given layer. This assumption eliminates the need to model unsaturated flow in the horizontal direction. Unsaturated flow between layers is indirectly modeled with the depth distribution of plant water uptake and the depth distribution of soil water evaporation.
Saturated flow occurs when the water content of a soil layer surpasses the field capacity for the layer. Water in excess of field capacity is available for percolation, lateral flow, or tile flow drainage unless the temperature of the soil layer is below 0°C. When the soil layer is frozen, no water movement is calculated. The amount of water that moves from one layer to the underlying layer is calculated using a storage routing methodology. The travel time for each layer is unique.
To simulate tile drainage, the user must specify the depth from the soil surface to the drain, the amount of time required to drain the soil to field capacity, and the amount of lag between the time water enters the tile until it exits the tile and enters the main channel. Tile drainage occurs when the soil water content exceeds field capacity in the soil layer where the tile drains are installed. The amount of water entering the drain on a given day is calculated with the equation
where q tile is the amount of water (in mm) removed from the layer on a given day by tile drainage, sw is soil water content (in mm) of the layer on a given day, and t drain is time (in hours) required to drain the soil to field capacity. Water entering the tiles is treated like lateral flow.
In large subbasins with a time of concentration greater than one day, only a portion of the tile/lateral flow will reach the main channel on the day it is generated. SWAT incorporates a tile/lateral flow storage feature to lag a portion of tile/lateral flow release to the main channel.
Once the tile/lateral flow is calculated, the amount of tile/lateral flow released to the main channel is calculated as
where q t is the amount of tile/lateral flow discharged to the main channel on a given day (mm) , q tile is the amount of tile/lateral flow generated in the sub-basin on a given day (mm), q tstor,i-1 is the tile/lateral flow stored or lagged from the previous day (mm), and tile lag is the drain tile lag time (hr). Lagging the tile flow affects the timing (and thus the daily peaks) but not the total tile flow volume.
Experimental Site and Observed Tile Flow Data
Observed tile flow data were collected during the period 1993-97 from a research site at Iowa State University's Northeast Research Center (NERC) near Nashua, Iowa.
The plots at this study site are located on kenyon, readlyn, and floyd soils with 2 to 3 percent organic matter. Kenyon is classified as a fine-loamy, mixed mesic, Typic Hapludoll soil; readlyn as a fine-loamy, mixed mesic, Aquic Hapludoll soil; and floyd as a fine-loamy, mixed mesic, Aquic Hapludoll soil. These soils have seasonally high water tables and benefit from subsurface drainage. The site has 36, 0.4-hectare (ha) experimental plots with fully documented tillage and cropping records. Long-term tillage studies (three replications of each tillage treatment) were initiated at this site in 1979 to evaluate the effects of different management systems on subsurface drainage water quantity and quality. Tile lines were installed in 1979 at about 1.2 meters deep and 28.5 meters apart. Each plot has one tile line passing through the middle of the plot and there is a tile line at each of the plot borders. The middle tile lines of all the plots were intercepted and connected to individual sumps for measuring subsurface drainage and for collecting water samples for chemical analysis. A detailed description of the automated subsurface drain-monitoring system is given by Kanwar and Baker (1991) .
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For this study, the following treatments were simulated for 1993-97 for six of the 0.4 ha plots, as shown in Table 1 : (a) continuous corn-chisel plow (CC-CP), (b) soybeancorn-no-till (SC-NT) with soybeans planted in 1993, and (c) corn-soybean-no-till (CS-NT) with corn planted in 1993.
Model Input Data Climate Data
The model requires daily input values of maximum and minimum air temperature, wind speed, solar radiation, relative humidity, and precipitation. If daily precipitation and maximum/minimum air temperatures are available, they can be input directly to SWAT.
If not, they can be generated within SWAT with a weather generator. Daily solar radiation, wind speed, and relative humidity are always generated in SWAT 99.2; as mentioned previously, monthly weather statistics for Osage, Iowa, were used to generate these inputs for this study.
Soil Properties
The soil data used by SWAT can be divided into two groups: physical characteristics Note: CC-CP denotes continuous corn-chisel plow; SC-NT denotes soybean-corn-no-till; and CS-NT denotes cornsoybean-no-till. Singh et al. 1996 and are based on measurements made at the experimental site. Table 2 lists selected soil properties, as a function of horizon, that were input into SWAT for the three soils included in this study.
Land Management Data
The model requires data for planting, harvest, irrigation application, nutrient application, pesticide application, and tillage operations. Management information for each treatment is given in Table 3 . The tillage component of SWAT was designed to incorporate surface residue into the soil. The user inputs the day of the tillage operation and selects a tillage implement from a tillage implement file. Each implement has an 
Calibration and Evaluation Procedure
The model was calibrated and evaluated using experimental data from the six different plots on a plot-by-plot basis. The criterion used for calibrating the model was to minimize the difference between measured and simulated cumulative tile flow and to 
Model Evaluation Criteria
To test the ability of the model to predict system response, the model was evaluated with measured subsurface drain flow data for 1993-94 and 1996-97 for all three tillagecropping systems, again on a plot-by-plot basis. Available water capacity in the soil profile was adjusted for these simulations in the same manner as in the case of the 1995 simulation. The coefficient of determination (r 2 ), the Nash-Sutcliffe model efficiency 
where V obs and V simu are the measured and simulated yearly or seasonal tile flow volumes, respectively.
Results and Discussion
The volumes of the observed annual tile drainage flows were clearly a function of the total annual precipitation. In 1993, the highest precipitation (1026.32 mm; 26 percent greater than normal) of the five-year study period was recorded, and maximum tile flow volumes were observed for all the plots. In contrast, the minimum drainage effluent occurred in 1996, a year with only 660.12 mm of precipitation (19 percent less than normal). The soil profile moisture content fluctuated in response to the precipitation inputs and had a significant effect on the tile flows. The soil moisture level of the top layer was especially critical because it affected both the tile flows and the ET rates.
Lower soil moisture levels in the topsoil layer resulted in lower percolation rates and correspondingly greater evaporation losses to the atmosphere. The available water content (AWC) levels were initially set equal to the difference between the field capacity and the wilting point (using a standard AWC definition) in the initial simulations that were attempted with SWAT. However, the AWC levels were adjusted somewhat in the final simulations to ensure that the simulated tile flows started at approximately the same time as the observed flows. Table 5 Table 6 , indicating a strong correlation between the predicted and measured flows. The R 2 values computed for 1995 were somewhat weaker, ranging from 0.52 to 0.68, but they still indicate that the model captured much of the observed flow trends (Table 6 ). The r Table 7 . These statistics clearly reveal that the correlation between the predicted and measured flows were not as accurate for the four-year validation period as compared to the calibration year. However, the validation period r 2 and R 2 values do show that SWAT was able to track much of the measured flow trends over the four years that were simulated.
The simulated and observed cumulative annual values show that the highest tile flows occurred for the CC-CP system in most years, followed by the SC-NT system. The higher tile flows estimated for CC-CP reflect the lower CN2 values that were used for that system (Table 4) . Also, the CC-CP and SC-NT plots with the highest slopes had the greatest predicted and observed tile flows, within each respective management system, for both the calibration year of 1995 (Table 5 ) and the overall average of the four validation years (not shown). These trends run counter to expectations and indicate the possibility that spatial variability exists in the soil properties within the individual plots, which SWAT would not be able to simulate. The trends also suggest that at least some of the plots may not be totally hydrologically isolated; that is, subsurface flow may be occurring between plots, which may impact the observed tile flows.
Time series of predicted and observed monthly flows are shown in Figures 1-3 show that that SWAT generally tracked the measured flows for each plot. However, the time-series results clearly show that most peaks were underpredicted by roughly a factor of two and that SWAT tended to predict some flow in months that were observed to have no flows. The SWAT peak tile flow simulations usually occurred at the same time they were actually observed in the field for the six management-plot combinations, but some predicted peaks occurred in months later than the corresponding observed peaks (Figures   1-3) . Some of the discrepancies between the timing of the simulated and observed peak flows could be attributed to error involved with the linear interpolation of observed cumulative tile flow data. Overall, the model predictions were encouraging, given the fact that a high degree of spatial variability exists for the actual field conditions.
The underestimation of peak flows by SWAT in part could be attributed to the fact that macropore flow was not simulated, which may have been a key component of the observed peak flows. The observed peak tile flows usually occurred on the same day as a major rainfall, indicating preferential movement of water through macropores. Bjorneberg et al. (1996) estimated the time to peak flow from an 0.5 ha area to be about six hours following the start of a major rainfall for this site. On average, the highest peak tile flows occurred for the no-till systems at the Nashua site regardless of cropping system. Large peak flows occur for no-till conditions because macropores (worm or root holes and other natural crack features) are typically not destroyed or disturbed (Kanwar, Bjorneberg, and Baker 1999) . A related factor in the underprediction of the peak flows is the fact that no adjustments are made in SWAT to soil bulk density in response to tillage,
Summary and Conclusions
The The overall evaluation of the SWAT model indicates that the model has the capability of predicting subsurface flows satisfactorily for different soil types, slopes, and weather conditions. Further research is needed to better quantify why SWAT
